Bragg scattering of polaritons by a coherent acoustic wave is mediated and strongly enhanced by the exciton states resonant with the acoustic and optic fields in the intraband and interband transitions, respectively. In this case, in contrast with conventional acousto-optics, the resonantly enhanced Bragg spectra reveal the multiple orders of diffracted light. For polaritons in GaAs microcavities driven by a surface acoustic wave of SAW 1 GHz and I ac & 100 W=cm 2 the main acoustically induced band gap can be as large as MC ac ' 0:6 meV and the Bragg replicas up to n 3 can be observed.
Back in 1933, Léon Brillouin, a founder of acoustooptics, described for the first time nonperturbative solutions of the Maxwell wave equation for the dielectric constant " harmonically modulated by an acoustic wave fk; ac k g, i.e., for " " b " b cos ac k t ÿ kr [1] . Formally, the eigenvalues and eigenstates of the above equation are given in terms of the Mathieu functions and yield an infinite sequence of the alternating allowed and forbidden energy bands in momentum space. While the energy structure is akin to the electron energy bands, which appear in the presence of a periodic (atomic) potential, a very particular feature of the harmonic potential is that the forbidden energy bands, i.e., the acoustically induced energy gaps n ac (n 1; 2; . . . ) in the photon spectrum, extremely effectively close up with the increasing energy number n : n ac / " b n . This is an inherent property of the Mathieu wave functions [2] . The acousto-optic science deals with " b 4 2 ÿac I 1=2 ac , where I ac is the intensity of the acoustic wave and 2 ÿac is a second-order nonresonant acousto-optic susceptibility [3, 4] . The nonresonant acousto-optic nonlinearities are small, so that usually " b 10 ÿ4 ÿ 10 ÿ3 (for GaAs, e.g., " b ' 1: 6 10 ÿ3 for I ac 100 W=cm 2 ). As a result, the conventional acousto-optics, both fundamental and applied, attributes the Bragg diffraction of the light field by a sound wave to the one-phonon transition only, i.e., to the main acoustically induced gap n 1 [3] [4] [5] [6] . The nonresonant acousto-optic nonlinearities, which give rise to the acoustically induced diffraction grating, is due to the photoelastic effect. In sharp contrast with this mechanism, the resonant acousto-optic effect [7, 8] for bulk and microcavity (MC) polaritons deals with a quantum diffraction of optically induced, virtual excitons by the coherent acoustic wave. In this case the interaction of two ''matter'' waves, the excitonic polarization and the acoustic field, is much more effective than the nonresonant photoelastic coupling of photons with acoustic phonons. At the same time the photon component of optically dressed excitons, i.e., of polaritons, can be large enough to ensure an efficient resonant conversion ''photon $ exciton''. This explains the origin of the resonant, exciton-mediated acousto-optic nonlinearity, "
x ÿac " b . For GaAsbased structures at low temperatures, "
x ÿac can be as large as " x ÿac 0:1. Thus the resonant acousto-optics of polaritons deals with the microscopic mechanism fundamentally different from the photoelastic effect.
In this Letter we propose and calculate the acousto-optic Bragg scattering of surface acoustic wave (SAW)-driven polaritons. The MC polariton eigenstates in GaAs cavities [9] [10] [11] are relevant to the proposed Bragg spectroscopy, due to compatibility of GaAs microcavities with the SAW technique [12] and due to a possibility to realize onedimensional geometry for the resonant, SAW-mediated interaction of two counter-propagating MC polaritons by using SAW & 3 GHz [8] . As we demonstrate below, the Bragg spectra of MC polaritons are resonantly enhanced by the quantum well (QW) exciton state and consist of the well-developed multiple replicas with a robust structure.
For the acousto-optic spectroscopy of polaritons, both resonant interactions, the exciton-photon coupling and the interaction of excitons with the acoustic pump wave, should be treated nonperturbatively (strong coupling regime) and on an equal basis. Being applied to the Bragg scattering of MC polaritons, the acousto-optic polariton macroscopic equations [7] are given by @
where E and P are the light field and excitonic polarization, respectively, J ext is a source of the external optical wave necessary for the Bragg scattering problem, h! T is the energy position of the exciton line, M x is the in-plane translational mass of QW excitons, xÿ is the matrix element of the QW-exciton -MC-photon interaction, and 2 x 1=T 1 2=T 2 is the rate of incoherent scattering of QW excitons. We assume a Cartesian coordinate system with the in-plane x axis along the SAW wave vector k, the z axis along the MC growth direction, and the exciton and light fields linearly polarized along the in-plane y axis. In this case the SAW, which has both transverse and longitudinal displacement components, u x and u z , is elliptically polarized in the x-z plane (the sagittal plane). The SAW-induced modulation of the excitonic polarization is characterized by the coupling coefficient m
xÿac j, where m DP xÿac and m PE xÿac are the deformation potential (DP) and piezoelectric (PE) matrix elements of exciton-SAW interaction, respectively, and saw ju z j=ju x j expi saw . The phase shift saw between u x and u z is nearly =2 [12] , so that both interaction channels interfere constructively. However, because m DP xÿac m PE xÿac (for SAW & 10 GHz) and ju z j=ju x j ' 1:4 [13] , the DP mechanism with m DP xÿac
is strongly dominant over the PE one. Here, is the crystal density, v s is the SAW velocity, and D x is the exciton-LA-phonon DP. The above hierarchy of the interaction mechanisms is due to the charge neutrality of excitons: In contrast, the electron-SAW interaction is dominated by the PE coupling.
The z-dependent background dielectric function " b z on the left-hand side (l.h.s.) of Eq. (1) refers to a stack of layers which form the MC structure we analyze, i.e., a GaAs cavity with an embedded InGaAs QW, symmetrically sandwiched in between two identical AlGaAs=AlAs Bragg reflectors. The Bragg reflectors give rise to the transverse optical confinement and, at the same time, ensure an optical coupling of the external light wave with the in-plane polariton quasieigenstates. At first, however, in order to visualize the quasienergy spectrum of SAW-driven MC polaritons, we assume 100% optical confinement (i.e., replace the Bragg reflectors by perfect mirrors), no external light source [i.e., J ext 0 on the right-hand side (r.h.s.) of Eq. (1)], and no damping of the exciton states [i.e., x 0 on the l.h.s. of Eq. (2)]. In this case the polariton spectrum is characterized by the MC Rabi frequency MC x 2=" b 1=2 xÿ . In Fig. 1 we plot the quasienergy spectrum of lower-branch (LB) polaritons in a zero detuning MC with h MC x 3:7 meV, driven by the SAW of SAW 1 GHz and I ac 10 W=cm 2 . The quasienergy spectrum, which is calculated by the method developed in Ref. [7] for bulk polaritons and cannot be interpreted in terms of the Mathieu functions, shows the acoustically induced band gaps 
The main acoustically induced band gap in the LB spectrum is given by [4, 12] . Furthermore, the acoustic band gaps associated with the two-phonon and three-phonon transitions in the MC polariton spectrum are also well developed, so that Fig. 1 ). This is in a sharp contrast with the traditional acousto-optic schemes of the Bragg scattering. All the above features of the quasienergy spectrum of SAW-driven MC polaritons are due to the resonant, exciton-mediated acousto-optic susceptibility. Because of the periodicity of the acoustic wave, the quasienergy spectrum can also be interpreted in terms of an extended Brillouin zone, with the band boundaries at p k ' nk=2. The first acoustically induced Brillouin zone is shown in Fig. 1 by the vertical dashed lines. The energy band boundaries, where the spectral gaps arise and develop with increasing I ac , can be probed in Bragg scattering, by changing the incidence angle of the external optical wave. At this point we return to Eqs. (1) and (2) applied to a realistic MC structure with the Bragg reflectors consisting of 34 alternating AlAs and Al 0:13 Ga 0:87 As =4 layers. The MC polariton quasieigenstates can now be excited by the external light field, E inc E 0 inc e ÿi!t [due to the J ext term on the r.h.s. of Eq. (1)], and can decay or scatter into the external electromagnetic modes.
In order to calculate the SAW-induced Bragg diffraction of optically excited MC polaritons, we use the Green function technique developed in Ref. [14] . Because the in-plane wave vector p k is conserved in the propagation of the light field through an optically transparent planar structure, one defines the MC-photon Green function gz; z 0 ; ! by the equation
which satisfies the Maxwellian boundary conditions, is evaluated numerically with the use of " b z relevant to the MC structure we analyze. As a next step, we substitute in Eqs. (1) and (2) a Fourier expansion of the E and P fields in terms of the in-plane quasiwave vector p k 'k and quasifrequency ! 2' SAW , and evaluate the SAWmediated acousto-optic susceptibility matrix ';' 0 : P ' P ' 0 ';' 0 E ' 0 (' 0; 1; . . . , i.e., ' n corresponds to the n-phonon transition). The acoustically induced polarization harmonics P ' give rise to the Bragg signal:
where (4) is over the QW thickness, so that one can approximate E ' 0 z 0 by E ' 0 z 0 0. The latter amplitude is evaluated from Eq. (4) by putting z 0. Finally, the outgoing, diffracted field E ' is calculated from the completely defined r.h.s. of Eq. (4).
The Bragg angle B corresponds to the effective SAWinduced diffraction of MC polaritons with p k k=2 and is given by sin B k=2k opt f1 v s k=8" b ! T ck= MC x 2 g ' k=2k opt , where k opt !=c is the wave vector of the external optical wave. In Fig. 2(a) we plot the reflection coefficient jr!; I ac j 2 of the incoming light incident at angle B on the SAW-driven MC ( SAW 1 GHz). In this case the boundary at p k k=2 of the acoustically induced first Brillouin zone is probed (see Fig. 1 ). In the vicinity of ! ! MC LB k=2, with increasing I ac the reflectivity changes its single-line shape for I ac 0 [the initial reflection spectrum is shown in Fig. 2(a) by the bold solid line] to a high contrast double-line shape with the separation MC ac between two dips. Furthermore, a similar double-line structure, which refers to the threephonon-assisted transition, appears and develops with increasing I ac for the reflectivity at ! ' ! MC LB 3k=2 [see the inset of Fig. 2(a) ]. Because the wave vector band ÿk=2 p k k=2 can also be interpreted in terms of the SAWinduced reduced Brillouin zone, the incident optical wave probes the odd-order SAW-induced energy gaps (the areas marked in Fig. 1 by large solid and dashed circles refer to the n 1 and 3 transitions). The corresponding frequencydown-shifted ÿ1 and ÿ3 Bragg replicas give rise to the outgoing optical signal and are plotted in Fig. 2(b) . The   FIG. 2 . The Bragg spectra of SAW-driven MC polaritons. The incident optical wave excites the MC polariton states at the r.h.s. boundary of the acoustically induced first Brillouin zone (see Fig. 1 ), i.e., p k k=2 and B ' 8:2
. (a) The reflection coefficient jr!; I ac j 2 of the optical wave against the frequency !. The thick solid line shows the initial polariton-mediated MC reflectivity for I ac 0 and h x 10 eV. The thin lines refer to jrI ac 10 W=cm 2 j 2 for spectral vicinity of n 1 SAWphonon transition. Inset: jrj 2 for spectral vicinity of n 3 SAWphonon transition. (b) The ÿ1 and ÿ3 Bragg diffraction replicas normalized to I opt . The l.h.s. inset: ÿ1 Bragg replica calculated by using the nonresonant , respectively. In Fig. 3(a) , jr!; I ac j 2 is shown for ' 2 B , so that the boundary at p k k of the second (extended) Brillouin zone is probed. The corresponding ÿ2 Bragg replica is plotted in Fig. 3(b) . In Fig. 3(c) we show the energy separation between two spikes in the ÿ1 and ÿ2 replicas. The separation is equal to MC ac / I Bragg diffraction, due to the nonresonant 2 ÿac , has been observed for an optical wave guided by SAW-driven semiconductor layers [16 -18] . The one-phonon diffraction replica ÿ1, calculated for the GaAs-based MC with the use of 2 ÿac , is plotted in the l.h.s. inset of Fig. 2(b) . In this case the acoustically induced main stop gap in the MCphoton spectrum is very small and completely screened by the radiative damping, so that it cannot be seen in the Bragg signal as a camelback structure. Note that the SAW intensities I ac we discuss are much less than those used to acoustically ionize, by the piezoelectric effect, the excitons in GaAs structures [19, 20] .
We 
